To get insight of the formation mechanism of solid electrolyte interphase (SEI) film in Lithium-ion battery (LIB), we examine a probable scenario, referred to as "surface growth mechanism," for electrolyte involving ethylene carbonate (EC) solvent and vinylene carbonate (VC) additive by using density functional theory (DFT). We first extracted stable SEI film components (SFCs) for the EC/VC electrolyte and constructed probable SFC aggregates via DFT molecular dynamics. We then examined their solubility in the EC solution, their adhesion to a model graphite electrode, and the electronic properties. The results showed that the SFC aggregates are characterized by "unstable adhesion" to the graphite surface and "high electronic insulation" against the EC solution. These characteristics preclude explaining SEI growth up to a typical thickness of several tens of nanometers based on the surface growth mechanism. With the present results, we propose "near-shore aggregation" mechanism, where the SFCs formed at the electrode surface desorb into the near-shore region and form aggregates. The SFC aggregates coalesce and come into contact with the electrode to complete the SEI formation. The present model provides a novel perspective for the long-standing problem of SEI formation. Lithium-ion batteries (LIBs) have attracted considerable attention for use in larger power sources like electric vehicles and energy storage system because of their high energy densities.
Lithium-ion batteries (LIBs) have attracted considerable attention for use in larger power sources like electric vehicles and energy storage system because of their high energy densities. 1, 2 For such use, a higher degree of safety, a longer cycle life, higher voltage and capacity will be indispensable in the future. An important key of the stability and durability of the LIB is the solid electrolyte interphase (SEI) formed at the negative electrode-electrolyte interface. 3, 4 It is generally accepted that molecules in the electrolyte solution reductively decompose to form various SEI film components (SFCs), such as organic oligomers (e.g., (CH 2 OCO 2 Li) 2 , and ROCO 2 Li) and inorganic moieties (e.g., Li 2 CO 3 , LiF) at the first charging, 5 and that the SFCs precipitate on the electrode surface to form a stable SEI film with a thickness of several tens of nanometers. 6 The SEI hinders electron transport from the electrode to the electrolyte solution, preventing further electrolyte decomposition, while allowing Li + ion transport. This property decreases the irreversible capacity and improves the safety of LIBs. Additives to the electrolyte solution also have a large impact on SEI performance. Even a small amount of additive up to a few wt% significantly improves the irreversible capacity and cyclability. 7 In general, the additive molecules modify the SFCs and lead to different properties of the SEI film. Despite the important roles of the SEI in LIB operation, the microscopic formation processes are still unclear because of the difficulty in operando observations of chemical reactions at the electrodeelectrolyte interfaces.
The detailed formation processes of SEI have been typically assumed to involve "surface growth mechanism", mainly in the first cycle. The first atomistic step is reductive decomposition of the electrolyte molecules, followed by formation of fundamental SFCs with the decomposed products. Precipitation of the SFCs on the electrode surface is the next step. At this stage, the bonds between the SFCs and the electrode surface as well as among the SFCs play crucial roles. At a certain thickness of the SFC aggregate, the electronic insulation begins to suppress electron flow from the electrode to the electrolyte solution and further reductive decomposition of the electrolyte molecules. Growth of the SFC aggregates then stops, and the formation of the SEI film in the first cycle, which is most dominant, is completed. z E-mail: TATEYAMA.Yoshitaka@nims.go.jp; yukihiro.okuno@fujifilm.com However, there is still a question as to how the reductive decompositions of the electrolyte are repeated until the thickness reaches several tens of nanometers. 6 The surface growth mechanism implies that the electronic insulation of SEI made by ethylene carbonate (EC) solvents only is not good enough to prevent electron tunneling. The effect of vinylene carbonate (VC) additives, which usually gives thinner SEI thickness, 8, 9 can be also explained by better blocking of electron tunneling in the VC-derived SFC aggregates and thus in the SEI. Although this explanation sounds very reasonable, the mechanism has not yet been identified.
Many studies have addressed the formation of SEI and its properties. In the theoretical and computational researches, however, most focused on the first step of the reductive decompositions and the subsequent processes have been less explored. Recently, some theoretical studies on the solubility and adhesion properties of SFCs have been conducted by use of classical molecular dynamics (MD) [24] [25] [26] [27] [28] or density functional theory (DFT) calculations with cluster boundary condition (CBC). 31 With classical MD, however, it is difficult to treat the modulation of electronic charge where the solvation environment is changing. Previous CBC-DFT studies on the stability of adhesion to graphite surfaces did not include the environmental solvent, consideration of which is essential because solvation by the electrolyte molecules always competes with adhesion. Furthermore, temperature effects also influence adhesion properties. It is therefore desirable to treat these quantities with DFT-MD simulations that explicitly include electrolyte molecules at the working temperature of the battery.
In this study, we investigated the whole processes denoted above, from SFC generation to the formation of SEI seeds, by DFT calculations. Adopting typical electrolyte solutions with EC solvent and VC additive, we examined the reductive decomposition and subsequent oligomerization of the electrolyte molecules, and extracted minimum models of the probable SFCs. At this stage we considered possible binding among EC-and VC-derived radicals as well as the intact EC and VC molecules. For example, dilithium ethylene dicarbonate, (Li 2 EDC), is a candidate in the EC-only case. 5 Here we extensively explored the SFCs associated with VC additives by the CBC-DFT calculations in conjunction with our previous free energy analysis. 35 We then used DFT-MD samplings to construct the probable SFC aggregates, taking dynamical and morphological characteristics into account. We also examined the solubility properties into the EC solution, a measure of aggregation tendency, and the adhesion to the edges of possible reduced graphite. The electronic insulating properties of the SFC aggregates on the electrode were also clarified. On the basis of all the results, we discuss how SEI films grow and when the growth stops in the present modeling of the organic SFCs. Finally, we propose a new probable atomistic mechanism for the formation of the SEI films.
Calculation
DFT molecular dynamics.-We used DFT-MD samplings to evaluate the average characteristics of the aggregation, adhesion and electronic states of SFCs. In this work, we chose EC solvent and VC additive (Figure 1) for the electrolyte components because they are representative and the products of their reductive decompositions are likely to be major organic SFCs. The other electrolyte components such as dimethyl carbonate (DMC) and diethyl carbonate (DEC) that do not decompose are neglected for simplicity. Since more dielectric molecules such as EC and VC are expected to preferentially exist near the charged electrode surface, the present assumption and modeling is a reasonable first step for the SEI formation mechanisms.
Structural stabilities of the SFC monomers and aggregates were estimated via DFT-MD energy samplings with the periodic boundary condition (PBC). Aggregation tendency was evaluated on the basis of the dissolution energy of the SFC in the EC solution. We examined monomer adsorption and aggregate adhesion via supercells involving the edge surfaces of the graphite electrode as well as EC solvent molecules. The projected densities of states (PDOSs) of these supercells were also used to determine the electronic insulating properties of the SFCs in the EC solution.
The computational details of the DFT-MD are as follows. The PBC was adopted to deal with the liquid state at constant density. We used Car-Parrinello type of DFT-MD simulations, 41 with CPMD code. 42 A fictitious electronic mass of 600 a.u. and a time step of 5 a.u. (0.12 fs) were chosen. The system temperature was controlled using a Nosé thermostat 43, 44 with a target temperature of 353 K. After equilibration, statistical averages were computed from trajectories of at least 5 ps in length. The electronic wave function was quenched to the Born-Oppenheimer surface about every 1 ps to maintain adiabaticity. We used the PBE exchange-correlation functional. 45, 46 The energy cutoff of the plane wave basis set was set to 90 Ry. We used Stefan Goedecker's norm-conserving pseudopotentials for C, H, O and Li. [47] [48] [49] Calculations with DFT-D scheme that involves van der Waals (vdW) interaction were used in a part of the calculations. 50 Aggregation and dissolution energy.-To estimate the aggregation/dissolution preferences of SFCs in the EC solution, we calculated the dissolution energy, E diss , approximately using the following formula,
where E(mEC + SFC) is the equilibrium total energy of the target system with mEC solvent molecules and one SFC, and μEC and μSFC correspond to the average chemical potentials of an EC molecule in the equilibrium EC solution and a SFC monomer in the SFC condensed phase, respectively, in the DFT-MD simulations. Positive (negative) dissolution energy indicates that aggregation of the SFCs is energetically favorable (unfavorable). The chemical potential μ EC was calculated with a cubic supercell involving 64 EC solvent molecules in which we adopted a cell dimension of 19.2109 Å based on the density of 1.32 g/cm 3 . 51, 52 On the other hand, μ SFC was calculated by using another cubic supercell involving 40 or 60 model SFCs, depending on the SFC size. The sizes of supercells for the SFC condensed phase were determined based on the reported density of Li 2 EDC, the most typical EC-derived SFC, of 1.86 g/cm 3 , 24 which was obtained with classical MD calculations under ambient conditions. Although the equilibrium density may vary for the other SFC species, we expect that the small deviations of the calculated properties did not compromise our calculations. For the average total energy E(mEC + SFC), we used a cubic supercell with 64 EC solvents at equilibrium and replaced l ( = 64 − m) EC solvent molecules with one SFC for the initial configuration, where l corresponds to the number of EC and VC moieties in the inserted SFC.
To prepare appropriate initial configurations, we carried out classical MD simulations for 3 ns and randomly extracted five condensed configurations, which have amorphous structures.
Adhesive energy.-We calculated the adhesive energies of the SFC monomers and aggregates at the interface between the graphite electrode and EC solvent by DFT-MD sampling. The adhesive energy was defined as the difference of the averaged total energy between the attached state on the surface and the dissolved states in the EC solution. The EC molecules were randomly placed in the unit cell, and the SFC was allocated on the graphite electrode or inside the EC solution.
As model surfaces, we used zigzag edge surfaces of graphite electrodes terminated by H, mixed H/OH and mixed H/O. To mimic the charging condition of the negative electrode, a Li-intercalated graphite was used. The graphite electrodes consist of four graphite sheets, where each sheet has 5 × 6 hexagonal rings. Analysis with CBC-DFT.-In this work, we also used DFT methods with CBC as implemented in Gaussian 09 53 to comprehensively search for the reaction pathways to possible SFCs from EC and VC molecules. This enables us to evaluate properties of single SFCs more clearly. The exchange and correlation functionals used were PBE 45, 46 with a 6-311++G(d,p) basis set and the geometries were fully optimized. In the analyses, the solvent effect was dealt with the PCM method with parameters for an EC bulk solution (dielectric constant ε = 89.78).
Results
SFCs in the presence of VC.-To extract the characteristic structures of VC-derived SFCs, we first examined the intermolecular reactions involving VC in detail. In our previous study with DFT-MD free energy calculations, 38 we compared the initial reductive decomposition processes of EC and VC molecules in EC solvent, and elucidated a novel but more probable VC role in the reductive decomposition: VC reactivity to a reduced anion radical. We found a large exothermic reaction between the intact VC and EC anion radical, which is accompanied by the CO 2 gas evolution that was experimentally observed. The product of this reaction can be regarded as one of the candidate fundamental SFC in the EC solvent with VC additive. In the previous study, we obtained intrinsic features of SFC formation in the presence of VC additives, which are summarized in Figure 2 . In this scheme, a radical molecule attacks the C E or C C site of the VC, and any radical is the candidate. In this study, we examined, in particular, the details of the possible reactions between an undecomposed VC anion radical (VC − ) and an intact VC molecule, by CBC-DFT calculations. These will be dominant in the high VC concentration case, because VC − anion is expected to have a larger probability of binding to another intact VC before its decomposition. Note that we have already shown that decomposed VC anion radical have less reactivity against VC in our previous study. 38 The energy diagrams of the possible VC − -VC reactions are summarized in Figure 3 . All of the reactions are possible because of the large exothermic reaction energies over 20 kcal/mol.
In particular, it is most plausible that VC reacts at the C E site of VC − for subsequent CO 2 gas evolution. The most stable product of the VC-VC − reaction is 7 in Figure 3a which is formed by release of two CO 2 molecules after the reaction between the two C E sites. Indeed, experiments involving VC-only electrolyte soluition 20 have reported that CO 2 gas dominantly evolves even without the EC solvent. The present pathways can elucidate the probable mechanism of the experimental observation. In addition, we carried out DFT-MD simulations of the binding between VC − and VC through their C E atoms in the 30 EC solvent molecules and found that CO 2 gas is spontaneously generated within 0.1 ps MD run. These results confirm that the reaction of VC and VC − with CO 2 evolution is very plausible. We next investigated the successive oligomerization reactions of the products denoted above, which still retained radical characters. In fact, the oligomer components have been detected in experiments. 20 We examined possible reaction pathways of two successive radical reactions of VC species, where a ring-opened EC anion radical (o E -EC − ) 38 was used as the reaction initiator. The energy diagrams are shown in Figure 4 . In the presence of VC additives, further oligomerization with VC was actually possible via very exothermic reaction. The release of CO 2 during the reaction then gives more stable products as noted above. Here we emphasize that product stability via CO 2 evolution is a characteristic of VC additives.
All of the products derived from VC have an RC=CHO (vinylene alkoxide) moiety generated by cleavage of the C C -O 2 bond after the radical attack on the VC. Indeed, our previous study with DFT-MD has shown the breaking preference of the C C -O 2 bond in the reductive decomposition of VC for retaining π conjugation around the double bond. 38 Accordingly, we regard the RC=CHO moiety as the main structural feature of VC-derived SFC. This feature is consistent with the experimental observation of the C = C-O moiety in the VC-derived SEI. 20 and contrasts with the well-known appearance of the ROCO 2 (carbonate) terminal at the C E -O 2 bond cleavage in the reductive decomposition of EC. 32, 38 For the EC-derived SEI, we consider the ROCO 2 moiety to be a characteristic, because it was actually observed in both experiments 5, 20 and calculations. 32, 38 On the basis of the present results and the experimental information, 5, 20 we prepared fundamental minimum models of SFCs for the computational modeling of SEI. Owing to the higher electron affinities (EAs) of VC and EC than those of linear carbonates commonly used, like DMC and DEC, the main organic components of SEI are likely to be composed of the reductive decomposition products of EC and VC. Note that the EAs of those molecules in EC solvents are compared in Table S .5 in the Supporting Information. Then, we constructed our model SFCs based on the EC-and VC-originated moieties. The models are summarized in Figure 5 . These SFCs consist of two molecules (EC or VC) and two Li atoms, and have either an ROCO 2 or an RC=CHO moiety for EC-derived and VC-derived SEIs, respectively. As we have indicated, Li 2 EDC is the most probable model in the case of EC only. The lithium oxido butenyl carbonate (Li 2 OBC) and the lithium dioxide butadiene (Li 2 DOB) correspond to the most stable EC-VC product (17) and VC-VC product (7), respectively. These are likely to correspond to the systems under low and high VC concentrations, respectively.
SFC aggregation and adhesion.-Using the defined SFC minimum models, we investigated the structural and thermodynamic properties of SFC aggregates in the EC solvent. We prepared several initial configurations with classical MD for each SFC species (Li 2 EDC, Li 2 OBC, Li 2 DOB), and then carried out multiple DFT-MD samplings of the corresponding SFC condensed phase with PBC. Referring to the average energies, we determined probable configurations and the chemical potential of each SFC aggregate. On the other hand, we also calculated the equilibrium energy of the system involving one SFC in the EC solvent by DFT-MD. We then used Eq. 1 to evaluate the dissolution energy of each SFC species into the EC solvent.
The estimated dissolution energies of Li 2 EDC, Li 2 OBC and Li 2 DOB were +12.2, +3.1, and +6.1 kcal/mol, respectively. This indicates that the SFC dissolution is energetically unfavorable for all SFCs examined here. The larger value for Li 2 EDC may imply that a grown aggregate of Li 2 EDCs is harder to be contracted. However, the difference between the three SFC species is very subtle, when the present statistical errors are taken into account (See Table S1 in the Supporting Information).
The present aggregation preference result differs from the results of the previous force-field calculations by Tasaki et al. 26 Their calculations suggest that Li 2 EDC has a large exothermic heat of dissolution in the EC solvent, −14.04 kcal/mol. This can be attributed to overestimation of the solvation energy in the force-field calculations with point charges. Recently, Borodin et al. reconstructed the force-field parameters and reproduced the aggregation properties of Li 2 EDC. 28 These indicate that careful treatment of force-field parameters could remedy the problem, but such transferability is usually questionable. Therefore, DFT treatment as in this study is crucial.
To further elucidate the aggregation process, we also used the CBC-DFT technique to calculate the binding energies between the Li 2 EDC and Li 2 DOB. Supposing dimerization through the edge of the LiO 2 or LiO moieties, we obtained 13 and 18 kcal/mol, respectively, for Li 2 EDC and Li 2 DOB. This result indicates that the initial aggregation can be energetically preferable. On the other hand, the different tendencies of the dissolution energy above suggest that comparison between the EC-derived and VC-derived SFCs is quite subtle, because various types of binding exist in the aggregates.
The structural features of the SFC aggregates are worth examining. The radial distribution functions (RDFs) and coordination numbers (CNs) in the probable SFC aggregates are displayed in Figure S3 in the Supporting Information and Figure 6 . The results show that the Li ions are always surrounded by only oxygen, and the RDFs of the oxygen atoms from Li ions show large first peaks around 1.9 Å in all the SFC aggregates. This implies that the "glue roles" of the Li ions are not so different among these aggregates. The averaged CNs in the first shell of the Li ion (up to 2.5 Å) are 4.4, 3.7, and 2.9 for Li 2 EDC, Li 2 OBC, and Li 2 DOB, respectively. Hence the CNs largely depend on the ratio of the number of O atoms and Li ions in system. It is also found that the edge O atoms in the ROCO 2 moiety have a CN of about 2 for Li coordination, whereas CN = 3 is roughly assigned to the RO moiety. This means that two and three SFCs participate in one joint through the Li glue for Li 2 EDC and Li 2 DOB, respectively.
Typical configurations in the SFC aggregates are shown in Figure 7 . In the stable Li 2 EDC aggregate, two ROCO 2 edges mainly contribute to the so called four-fold coordination to the Li ion, suggesting that the networking with Li ion bridging is a typical feature. However, the ether-type oxygen (-COC-) may also join the coordination, leading to the CN over 4. We also point out that the Li 2 EDC can easily have bent form, contributing to the CN increase as well. These structural features are consistent with the previous studies by ab initio CBC calculation, 30, 31 classical MD calculation 28 and DFT-MD calculation. 36 On the other hand, rather straight SFCs with π conjugation in the Li 2 DOB provide smaller CNs. This may affect the aggregation preference as well. In summary, the SFC connections are mainly formed with the edge moieties of ROCO 2 and RO, and the bridging behaviors via the Li glues significantly depend on the SFC characteristics.
In order to understand the SEI formation and the mechanism of surface growth, the adhesive property of the SFCs on the negative electrode is also indispensable. Here we calculated the average adhesive energies of single SFCs and SFC aggregates to the hydrogen-terminate graphite edge, a typical model of a negative electrode under reductive condition, by DFT-MD sampling. In this analysis, we focused on Li 2 EDC and Li 2 DOB to clearly extract the intrinsic characteristics of EC-and VC-derived SFCs.
We first described the adhesion of the single SFCs. For the adhesive state, we prepare an initial configuration where the SFC monomer has a "stand-up" structure where the molecular axis was perpendicular to the surface and a Li ion was put between the SFC and the graphite edge. On the other hand, the SFC monomer was immersed in the EC solvent for the dissolution state. Snapshots of the equilibrium trajectories for the Li 2 EDC are displayed in Figures 8a and 8b . In the attached state, it is apparent that the surface Li ion is located at a site bridging the two graphite sheets. This is attributed to the repulsive interaction between the terminal H and the Li ion. A similar scenario appears in the Li 2 DOB case as well.
The average adhesive energies of the single SFCs are listed in Table I . We found that adhesion of the monomer on the graphite surface in the EC solvent is energetically unfavorable for both Li 2 EDC and Li 2 DOB. Although the former adhesion appeared less probable, we concluded that there was no particular difference between the EC-and VC-derived SFCs. The results seem inconsistent with the surface growth mechanism, which intrinsically assumes successive SFC adhesions. To check for possible calculation errors, we carried out some complementary calculations. Considering the energy dependence on the structural difference, we examined the Li 2 EDC monomer with the "liedown" structure, in which the SFC lies parallel to the graphite surface. The calculated adhesive energy was still positive, +7.0 kcal/mol. We also checked for the effect of vdW interaction by using the DFT-D technique. The estimated adhesive energy for "stand-up" structure of Li 2 EDC was about +4.9 kcal/mol. Finally, we examined the effect of graphite edge termination. The average adhesive energies to the H/OH-and H/O-terminated graphite electrode were found to be about +1.0 and +3.4 kcal/mol. Despite the expectation that the vdW interaction and OH or O terminations might change the sign of adhesive energy, the above results still showed positive values. We therefore conclude that the single SFCs do not have a significant adhesion preference on the standard graphite electrode in the EC solution.
In addition to single SFC adsorption, the adhesion preference of the SFC aggregates is also important. Using the stable SFC aggregate structures obtained in this work, we carried out DFT-MD samplings of the adhesion and dissolution states. Snapshots of the equilibrium trajectories for the Li 2 EDC aggregate are displayed in Figures 8c and  8d . The estimated adhesive energies listed in Table I indicate that the SFC aggregates also prefer the dissolved state in the EC solution. Although the estimated statistical errors of several kcal/mol, as listed in Table S3 , make the conclusion slightly difficult, all the six trajectories clearly show that the SFC monomer adhesion is energetically unfavorable. Furthermore, the whole adhesive energies of the SFC aggregates, before being divided by the number of SFC constituents, are several tens of kcal/mol and large enough compared with the statistical errors. Therefore, we concluded that the SFCs do not have a significant adhesion preference to the graphite edge surface in the EC solution. We also found that there was little difference between EC-and VC-derived SFCs as was in the case of the monomer. These results indicate that growth of the SFC aggregate generally relies on the intrinsic aggregation preference in the EC solvent rather than on the adhesions of SFCs to the graphite edge surfaces.
Electronic states of SFC aggregates.-Calculated quantities regarding the SFC aggregation and adhesion imply that the surface growth mechanism is questionable. To clarify this point, we examined the electronic insulation of the probable SFC aggregate in the EC solution. It is experimentally reported that thickness of VC-derived SEI films is thinner than that of EC-derived SEI, which is typically several tenths of nanometers. 8, 9 The surface growth mechanism suggests that better electronic insulating of the VC-derived SFC aggregates suppresses electron tunneling from the electrode to the electrolyte solution and decreases electrolyte reductive decompositions, the result being a thinner SEI film. The electronic insulation of possible SEI components is thus an important key for SEI formation.
We calculated the PDOSs of snapshots of the equilibrium trajectories obtained by the DFT-MD simulations of the systems involving graphite surface, SFC aggregate and EC solution ( Figure 9 ). It is noteworthy that we examined Li 2 EDC and Li 2 DOB cases to extract the difference between the EC-and VC-derived SFCs. We found that both SFCs have higher unoccupied energy level more than 1 eV higher than is the case for the EC solvent. Even in the EC-only systems, Li 2 EDC is quite insulating against the EC solvent. More importantly, VC additives do not significantly improve the electronic insulating property.
These results were also supported by the CBC-DFT calculations of the electron affinities of Li 2 EDC and Li 2 DOB dimers relative to the EC solvent. The orbital that accepts the injected electrons is the Li 2s orbital for both SFCs and its energy level is higher than that of the π * orbital around the CO 3 moiety for the EC solvent. These results again indicate that electronic insulations of the SFCs are not so different and are high enough to prevent EC reduction. Therefore, VC-derived SFCs do not enhance the insulating property in general. Detailed results of the CBC-DFT calculations are summarized in Supporting Information  Table S4 .
In summary, the present results demonstrate that the VC additive does not significantly improve the adhesion to the graphite surface and insulating properties. Therefore, the additive effects, such as the decrease of the irreversible capacity, do not rely on the properties of the resultant SEI film stability on the electrode surface, but instead depend on its reaction mechanism, as our previous study pointed out.
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Discussion
In this section, we discuss the probable mechanism of SEI film formation based on the results of our calculations. First, we consider the "surface growth mechanism", which has been a simple view of SEI formation based on precipitation of reductive decomposition products of the electrolyte molecules (e.g. Fig. 2 in Ref. 23) . The "surface growth mechanism" involves precipitations of the SFCs formed by reductive decompositions of the electrolyte on the negative electrode interface, and the SFC aggregation progresses from the surface nucleation. The growth then stops when the SEI film is thick enough to prevent further electrolyte reduction (Figure 10a) . However, the present results demonstrate that the adhesion of SFC aggregate on the electrode is less stable in the EC solution, and the EC-derived SFC aggregates have almost the same electronic insulating properties as the VC-derived aggregates. These results clearly indicate that "surface growth mechanism" does not play a major role in SEI film formation.
We then propose a new mechanism of SEI film formation based on the present results, which we named the "near-shore aggregation mechanism", a schematic scheme of which is shown in Figure 10b . In this mechanism, the electrolyte reductive decompositions always take place on the negative electrode surface, and the formed SFCs desorb into the electrolyte solution. Aggregation of the SFCs then proceeds in the "near-shore region" from the electrode, which is a crucial difference from the "surface growth" scenario. These processes are well explained by the calculated tendencies of aggregation and adhesion. When the SFC clusters grow to a certain size in the near-shore region as well as in the electrolyte solution and start to coalesce, the free electrolyte region between the electrode and the SFC aggregates shrinks due to further supply of SFCs on the electrode surface. This scenario can explain why the SEI thickness can reach on the order of 10 nm order despite the fact that the SFC aggregates have high electronic insulation. Note that continuous supply of the electrolyte molecules on the electrode surface in the present mechanism is also crucial for the thickness. Once the SFC clusters (or films) cover the electrode surface, the SFC supply from the electrode slows down and the film adhesion can be kept in a metastable state because the large size of the aggregate will prevent the corrective desorption of the film. This is a scenario deduced from our calculated results.
This "near-shore aggregation" mechanism may also give several probable suggestions. Regarding the VC-additive effect (reduction of SEI thickness 8, 9 and low irreversible capacity loss. 7 ), more rapid contact between the SFC aggregate and the electrode surface is likely to play an essential role in reducing the thickness of the VC-derived SEI films. This factor can be explained by the oligomerization tendency of VC. As we have shown in Results section, intact VC will easily oligomerize with reduction products during the SFC formation, which is actually supported by the experimental observation of the oligomer products of VC molecules. 20 This accelerates the intermolecular O-Li-O coordination and thus growth of the SFC aggregate, which gradually facilitate the contact of the SFC aggregate to the electrode surface. The thinner thickness eventually causes less irreversible capacity.
In addition, the near-shore mechanism suggests a possibility of exfoliation of the SEI film and the following regeneration during the charge-discharge cycles, 3, 4 which is analogous to SFC desorption and contact of the SFC clusters with the electrode. However, there will be several alternative mechanisms for the subsequent cycles, which will be in our future study. Note that a similar growth mechanism is proposed for Li 2 O 2 in Li-air battery. 51 This may imply that the "near-shore aggregation" concept can be universal.
Here, we discuss the limitations of the present modeling for the SEI formation. First of all, this work does not involve the inorganic products of the reductive decomposition. The inorganic components, i.e., LiF, Li 2 O, Li 2 CO 3 , also consist of the SEI film. There are reports suggesting that the inorganic components exist near the graphite electrode, followed by an organic or polymeric layer close to the electrolyte phase. 5, [17] [18] [19] In fact, recent X-ray photoelectron spectroscopy (XPS) measurements surely indicate that LiF and Li 2 CO 3 plenty exist on the graphite electrode surface. 22 On the other hand, it is also reported that distinguishing between graphite and CC/CH bonds is subtle in the XPS and the XPS imaging indicates many microscopic pores for the organic components between the inorganic species (e.g. Fig. 8 in Ref. 22) . Furthermore, it is regarded that the organic SFCs have faster Li-ion transport and thus more responsibility for that than the inorganic ones. Therefore, the present modeling that takes into account the interface between the organic SFCs and the reduced graphite electrode surface is still relevant. In fact, the typical SEI film thickness cannot be explained by the full cover of the electrode surface by the inorganic components having large band gaps in general, which should have prevented the reduction of the electrolyte molecules quickly. 40 Of course, the effect of the inorganic components on the aggregation and adhesion of the organic SFCs is essential for full understanding of the SEI formation mechanism. An investigation of such issue is underway in our next study. As an example, the preliminary result on adhesion of LiF aggregates to the H-capped graphite surface in EC electrolyte was shown in Figure S6 in the Supporting Information. This implies that the inorganic aggregates have tendency of unstable adhesion like the organic ones, which maybe related to the "near-shore aggregation" mechanism as well.
We also discuss effects of the electrode surface defects. We employed the perfect zigzag graphite with H, OH, and O capped structures only, and neglected the surface imperfection such as defects. On the other hand, at solid-liquid interfaces, such surface defects are easily passivated by adsorptions of molecules in the electrolyte. The passivated sites do not seem to change the adhesion tendency of the organic SFCs observed in this work very much. Even if they can be nucleation sites, it still holds that the majority of the SFCs generated at the electrode interface can diffuse to the other region (maybe near the nucleation sites) to make the aggregate. In this respect, the concept of the "near-shore aggregation" mechanism seems still relevant, although this issue is also to be clarified in the future study.
As discussed above, the present modeling involves several assumptions and limitations for the realistic electrolyte-electrode interfaces. However, we have carried out careful evaluations of the validity. Besides the DFT-MD simulations give plenty of novel aspects based on accurate description of the electronic states and the atomic interactions. We therefore believe that this work is a substantial first step to understand the SEI formation at the atomistic level and the results reasonably involve a major essence of the initial stage of SEI formation.
Summary
In this study, we used DFT calculations to examine the ability of the "surface growth mechanism" to explain the formation of the SEI at the interface between the carbonate electrolyte solution and the negative electrode. We chose most typical systems under the charging condition, involving EC solvents, VC additives and graphite edge surfaces with various types of termination. We first extracted stable SFCs for the EC/VC electrolyte and constructed probable SFC aggregates via DFT-MD. We then examined their solubility in the EC solution, the adhesion to the model graphite electrodes, and the electronic properties.
The results indicate that the adhesions of the SFC aggregates are energetically less favorable, and all the examined SFC aggregates have high electronic insulation against the EC solution. These results indicate that the "surface growth mechanism" does not play a major role in SEI film formation. Based on the present results, we instead propose a new mechanism, "near-shore aggregation mechanism," in which the SFCs formed at the electrode surface desorb to the near-shore region and form aggregates. The grown SFC aggregates coalesce and attach to the electrode to complete the SEI formation. The mechanism can naturally account for the SEI growth up to a typical thickness of several tens of nanometers, by allowing a continuous supply of electrolyte molecules to the electrode surface. The VC additive effects with thinner SEI film thickness can be also explained without relying on electronic insulation. Although there are still limitations in the present modeling, careful evaluation indicates that the present scenario certainly gives a novel perspective on the mechanism of SEI film formation. Further investigations with few limitations, necessary for the comprehensive understanding, will be addressed in future works.
